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We present a novel slowing scheme for beams of laser-coolable diatomic molecules reminiscent of
Zeeman slowing of atomic beams. The scheme results in efficient compression of the 1-dimensional
velocity distribution to velocities trappable by magnetic or magneto-optical traps. 3D Monte Carlo
simulations for the prototype molecule 88Sr19F and experiments in an atomic testbed demonstrate
a performance comparable to traditional atomic Zeeman slowing and an enhancement of flux below
v=35 m/s by a factor of ≈ 20 compared to white-light slowing. This is the first experimentally
shown continuous and dissipative slowing technique in molecule-like level structures, promising to
provide the missing link for the preparation of large ultracold molecular ensembles.
Cooling molecular ensembles to temperatures near ab-
solute zero has been a goal of the ultracold community
for decades. Such ultracold ensembles would enable re-
search on new phases of matter, precision measurements
and ultracold chemistry [1]. Current research on direct
laser cooling of molecules with quasi-diagonal Franck-
Condon structure has had much success, demonstrat-
ing magnetic and magneto-optical traps [2–7] and optical
molasses [2, 6–8, 10], reaching temperatures of ≈ 50µK
[2]. Their ultimate success in producing large ultracold
ensembles, however, is currently severely hampered by
the lack of an efficient source of slow molecules at veloc-
ities trappable in magnetic or magneto-optical traps.
While a variety of slowing methods for rovibrationally
cold molecular beams exist, including two stage buffer
gas cooling [11], Stark and Zeeman deceleration [12, 13],
centrifuge deceleration [14], white-light slowing [15, 16]
and chirped light slowing [17, 18], all shown techniques
are either not continuous, have only poor control on the
final velocity or do not compress the 1-dimensional ve-
locity distribution of the molecules. This limits the num-
ber of molecules loaded into magnetic or magneto-optical
traps to a fraction of the numbers in atomic experi-
ments [2, 3, 19, 20]. Zeeman slowing, the only technique
combining all the aforementioned advantages, was up to
now considered to be impossible to implement for laser-
coolable molecules [15, 18].
Here we present for the first time a Zeeman slower
scheme for laser-coolable molecules, resulting in continu-
ous deceleration and compression of the molecular veloc-
ity distribution down to velocities in the 10 m/s range.
In the following, we shortly review the traditional atomic
Zeeman slower concept, discuss problems arising from the
complex molecular level structure and show how these
problems can be overcome with our molecular Zeeman
slowing concept. We perform 3D Monte Carlo simula-
tions of the scheme for the prototype molecule 88Sr19F
and finally implement our scheme in an atomic testbed.
A traditional atomic Zeeman slower [21] works on a type
I level structure, where the angular momentum of the
excited state J ′ = J + 1 is larger than that of the ground
state J . Here the atoms get pumped into a bright,
stretched state at which point they cycle in an effective
2-level system [21], whose transition frequency is tunable
by a magnetic field. The atomic beam is then radiatively
slowed down by a counter-propagating laser beam while
an inhomogeneous magnetic field compensates the chang-
ing Doppler shift during the slowing process down to a
well defined final velocity. In analogy to magneto-optical
traps (MOTs) working on a type I level structure (typi-
cally referred to as type I MOT) we will refer to this as
type I Zeeman slowing.
In contrast, laser-coolable molecules require working
in a type II level structure (J → J ′ = J or J → J ′ =
J−1) to prohibit decay into higher lying rotational states
[22]. As a natural consequence, molecules are optically
pumped into dark magnetic sublevels rather than bright
ones and a 2-level cycling transition does not exist. Nev-
ertheless, slowing and cooling of molecules using laser
light has been realized by destabilizing these dark states
[23]. As a result, all magnetic sublevels of the ground
state need to be coupled to the excited state, each of
which will exhibit a different shift in energy in a magnetic
field, thus preventing the implementation of a traditional
Zeeman slower in these type II systems.
We propose a solution to this problem for laser-
coolable molecular radicals working on the X2Σ1/2, N =
1, ν = 0 (ground state described in Hund’s case b) to
A2Π1/2, J
′ = 1/2, ν′ = 0 (excited state described in
Hund’s case a) transition, where ν, ν′ are the respective
vibrational quantum numbers, N is the rotational an-
gular momentum in the ground state and J ′ is the to-
tal angular momentum in the excited state. By adding
a large magnetic offset field B0 to the traditional Zee-
man slower design, the electron spin decouples from the
nuclear and rotational angular momenta in the ground
state, splitting it into two manifolds with mS = ±1/2
(see Fig. 1 a). The sublevels inside these respective
manifolds are shifted equally in energy with increasing
or decreasing magnetic field strength. The excited state
splits into m′J = ±1/2 manifolds with a much smaller
splitting due to a smaller g-factor g
Π
 g
Σ
. In the limit
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FIG. 1: (a) Type II Zeeman slower scheme on the X2Σ1/2, N = 1, ν = 0 → A2Π1/2, J ′ = 1/2, ν′ = 0 transition. As long
as gΠ  gΣ the level structure in high magnetic fields resembles an effective 3-level system. The graph is shown for the
prototype molecule 88Sr19F. (b) Necessary sidebands on the slowing laser Lsl. (c) Proposed vibrational repumping scheme for
the prototype molecule 88Sr19F. Branching ratios are taken from [4, 9].
of negligible hyperfine structure and vanishing g
Π
, this
reduces to an effective 3-level system (see Fig. 1 a).
To implement a type II Zeeman slower in this 3-level
system, the mS = 1/2 manifold of the ground state
is coupled to the excited state via a narrow linewidth
(on the order of the transition linewidth), counter-
propagating laser beam at saturation intensity. This
transition is magnetically tunable and therefore can be
used to compensate for a changing Doppler shift during
the slowing process, as it is done in traditional type I Zee-
man slowing. In the following, we will refer to this laser
beam as the ”slowing laser” Lsl. Due to the large spin
orbit coupling in the excited state, molecules can decay
back to either mS = 1/2 or to mS = −1/2. A frequency
broadened laser (in the following referred to as the ”re-
pumping laser” Lrep) pumps molecules at all relevant ve-
locities and magnetic fields from mS = −1/2 back to the
slowing transition. Molecules traveling fast enough to see
Lsl on resonance due to the Doppler shift, get pumped
between the mS = ±1/2 manifolds by scattering photons
from Lsl and Lrep until they are shifted out of resonance
with Lsl. Further slowing of the molecules occurs with
changing magnetic field, bringing the molecules back into
resonance with Lsl. Since slower molecules feel no force
while faster ones are being slowed down, we achieve both
compression of the velocity distribution and reduction
of the mean molecular velocity by spatially varying the
magnetic field.
In a realistic system, including finite hyperfine struc-
ture of the ground state as well as a small upper state
g-factor gΠ , the slowing laser Lsl needs to couple every
hyperfine state in the mS = +1/2 ground state mani-
fold to the excited state as shown in Fig. 1 b). This
can be realised by a suitable choice of sideband fre-
quencies. Our scheme is applicable to all laser-coolable
molecules, where gΠ  gΣ , so that the simplified 3-
level picture holds in the Paschen-Back Regime including
for example 88Sr19F, g
Π
≈ −0.08, CaF, g
Π
≈ −0.02 and
YO, g
Π
≈ −0.06.
To go beyond the qualitative discussion of a three-level
system and demonstrate the feasibility of the scheme in a
realistic system including hyperfine structure, we now fo-
cus on the prototype molecule 88Sr19F with nuclear spin
I = 1/2 [25]. Fig. 1 a) shows a plot of the 88Sr19F
X2Σ1/2, N = 1, ν = 0 → A2Π1/2, J ′ = 1/2, ν′ = 0
level structure as a function of magnetic field. The
groundstate manifolds mS = ±1/2 each split into 6
sublevels (mN = ±1, 0;mI = ±1/2) (due to rotational
and hyperfine structure), which have to be coupled to
the 4 sublevels of the A2Π1/2, J
′ = 1/2, ν′ = 0 state
(mJ = ±1/2;mI = ±1/2) via the slowing laser Lsl as
shown in Fig. 1 b). This specific system thus requires a
slowing laser Lsl with 6 sidebands. Pairs of frequencies
of Lsl that couple to the same excited state are detuned
by δ = ±Γ/2 from resonance (where Γ ≈ 2pi×6.6 MHz is
the transition linewidth) to avoid pumping into coherent
dark states. Furthermore, a broad repumper Lrep with a
width of ∆f ≈ 1.1 GHz is required to pump mS = −1/2
molecules back into the cooling cycle. To calculate the
velocity dependent force profile along the slowing path,
we solve the 16-level optical Bloch equations at magnetic
offset fields of B = 900 G,B = 1000 G and B = 1050 G
respectively [26]. Each frequency in the slowing laser Lsl
is assumed to have an intensity of 24 mW cm−2 corre-
sponding to a Rabi frequency of Ωij = 2Γdij , where dij
is the normalized dipole matrix element of the respective
transition. Coupling from the mS = −1/2 states with
the repump laser Lrep is modeled by an electric field,
frequency modulated at ωmod = piΓ with a modulation
index of 27 and an intensity of 860 mW cm−2 correspond-
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FIG. 2: Velocity dependent 88Sr19F Zeeman slower force
profiles and corresponding excited state probabilities at dif-
ferent magnetic fields (for details see text). The substructure
in the profiles emerges due to the hyperfine structure of the
groundstate and the finite excited state gΠ .
ing to Ωij = 12Γdij . Due to the modulation, no addi-
tional dark states arise from Lrep. The calculation re-
sults in a narrow velocity-dependent force profile, which
can be tuned over the whole relevant velocity range by
a spatially varying magnetic field, consistent with the
idea of Zeeman slowing (see Fig. 2). Note that loss
of molecules during the cooling cycle due to vibrational
branching is largely suppressed due to the quasi-diagonal
Franck-Condon structure of molecular radicals and can
furthermore be suppressed by an experimentally feasible
repumping scheme via the B2Σ1/2, N = 0, ν
′ = 0, 1 state
(see Fig. 1 c)).
We now use the force profile from Fig. 2 in a 3D Monte
Carlo simulation to calculate the velocity profile of Zee-
man slowed 88Sr19F molecules originating from a typical
cryogenic buffer gas cell with an initial longitudinal veloc-
ity distribution centered at vl = 120 m s
−1, a longitudinal
velocity spread of ∆vl = 75 m s
−1 at full width half max-
imum and a transverse velocity spread of ∆vt = 80 m s
−1
(see Fig. 3). We assume the magnetic field to rise from
B0 = 900 G at z = 0.35 m behind the buffer gas cell to
Bmax = 1030 G at z = 1.33 m. Furthermore we divide
the force profile in Fig. 2 by a safety factor of 2 and take
transverse heating effects during the slowing process into
account. The detection region is chosen to be located at
zdet = 1.58 m behind the exit of the buffer gas cell and
is restricted to a (R x L) 0.3 cm x 3 cm cylinder. This
geometry corresponds to the experimental setup of our
demonstration experiment described below. As can be
seen in Fig. 3, the simulation results in a significant frac-
tion (20 %) of the initial molecules to be slowed over the
entire Zeeman slower path and compressed to a velocity
distribution centered at vend = 15 m s
−1 with a full width
at half maximum of ∆vl ≈ 2.5 m s−1. Due to the com-
bination of slowing and compression characteristic for a
Zeeman slower, a significant fraction of molecules exits
S
im
ul
at
ed
 fl
ux
 (
ar
b.
 u
.)
v (m s-1)
0 100 20050 150
0
0.2
0.4
0.6
0.8
1.0
initial
slowed
FIG. 3: 3D Monte Carlo simulation of Zeeman slowing for
a 88Sr19F molecular beam originating from a buffer gas cell.
Blue: Initial velocity distribution detected at zdet = 1.58 m
behind the buffer gas cell. Red: Slowed distribution based on
the force profile from Fig. 2. 20 % of the molecules are within
the peak centered around vend = 15 m s
−1. Further details
about the simulation can be found in the text.
the Zeeman slower with velocities low enough to be effi-
ciently captured with existing trapping schemes.
Ultimately, we demonstrate type II Zeeman slowing in
an atomic testbed on a transition comparable to the
X2Σ1/2, N = 1, ν = 0 → A2Π1/2, J ′ = 1/2, ν′ = 0
transition of a molecular radical. For this purpose, we
pick the D1-line of
39K atoms, a J → J ′ = J transition
showing striking similarity to the 88Sr19F transition
discussed above (compare Fig. 4 a) and Fig. 1 a). In our
experiment, we make use of an atomic beam source with
a peak velocity at 450 m s−1. We apply a B0 = 510 G
magnetic offset field in the 130 cm long slowing region
to bring the potassium atoms in the Paschen-Back
regime. At this offset field, the slowing laser Lsl consists
of 4 frequencies each 118.6 MHz apart to couple the
transitions 42S1/2 |mJ = 1/2,mI = −3/2, ..., 3/2〉 →
42P1/2 |mJ′ = −1/2,mI = −3/2, ..., 3/2〉 respectively
and is locked 1680 MHz red of the D1-line crossover of
a Doppler free potassium spectroscopy. The repumping
laser Lrep is frequency-broadened to an approximate
width of 1.5 GHz through current modulation of a
free running DFB-diode with modulation frequency of
12 MHz to pump atoms from the mS = −1/2 manifold
back to the slowing cycle at all relevant magnetic fields
and velocities. Throughout the slowing region the mag-
netic field is increased from B0 = 510 G to Bmax = 770 G
corresponding to a capture velocity of vcap = 400 m s
−1
and a expected final velocity of vend = 35 m s
−1 at the
end of the slowing region. We probe the longitudinal
velocity distribution 25 cm behind the end of the slowing
region with differential absorption Doppler spectroscopy,
where we detect atoms in a region which is restricted by
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FIG. 4: Experimental demonstration of type II Zeeman slowing on the 39K D1- line: (a) Potassium level structure for the
42S1/2 ground state and 4
2P1/2 excited state in the Paschen-Back regime. (b) Measured velocity distributions for a beam of
39K atoms before (blue) and after type II Zeeman slowing (red). Comparison to the Monte Carlo simulation (green). (c) The
final peak velocity of the atomic beam vp as a function of the magnetic field maximum Bmax at the end of the Zeeman slowing
region.
the detection beam diameter dbeam = 3 mm times the
diameter of the vacuum tube dtube = 3 cm.
Fig. 4 b shows the experimentally measured veloc-
ity profile after type II Zeeman slowing along with a
simulated velocity profile fed by the experimentally ex-
pected Maxwell Boltzmann distribution originating from
an oven running at T=450 K.
The measured and simulated profiles show deceleration
and compression of the 1-dimensional velocity distribu-
tion of the atomic beam. The final peak velocity vp is
easily tunable through the current in the magnetic field
coil and the corresponding magnetic field maximum (see
Fig. 4 c)). Small differences between simulation and
experiment may be due to non perfect beam-overlap,
photon recoil of the detection laser, non perfect back-
ground subtraction, stray magnetic fields in the detec-
tion region or non perfect spectral distribution of the
repumping laser. The good overall agreement of the sim-
ulation with the experiment is a strong argument for the
validity of the 88Sr19F simulation shown in Fig. 3. The
efficiency of our method can be quantified by compar-
ing the measured flux of atoms below vend = 35 m s
−1
of ΦtypeII = 3.3 ∗ 109 atmcm2 s to that of a type I traditional
atomic Zeeman slower working on the D2-line of
39K and
to white-light slowing on the D1-line in the same setup.
We find the type II Zeeman slower to reach nearly the
same performance as the well established type I tradi-
tional atomic Zeeman slower ΦtypeII/ΦtypeI = 0.6. More-
over, the type II Zeeman slower outperforms white-light
slowing, the current standard technique for molecular
beam slowing, by a factor of ΦtypeII/Φwhite = 20. A
detailed comparison between these slowing methods is
beyond the scope of this proposal and will follow in a
later publication.
Type II Zeeman slowing should be applicable to most
of today’s laser-coolable molecules with realistic exper-
imental requirements, as long as g
Π
 g
Σ
, including
the presented case of 88Sr19F, g
Π
≈ −0.08 as well as
the already laser-cooled species CaF, g
Π
≈ −0.02 and
YO, gΠ ≈ −0.06. BaF with gΠ ≈ −0.2 might need a
slightly frequency broadened slowing laser for implemen-
tation. As Lsl and Lrep are both far detuned from reso-
nance in low magnetic fields, the slowing scheme is ide-
ally suited to be continuously coupled to already exist-
ing trapping schemes without disturbing already trapped
molecules. Because of the continuous nature of Zeeman
slowing, it can ideally be combined with current pulsed
molecular buffer gas sources for the realization of a quasi-
continous loading scheme by loading a whole sequence
of pulses or with continuous sources of rovibrationally
cold molecules instead of pulsed ones in future experi-
ments. This will increase the flux of molecules even fur-
ther, opening the possibility to realize large magneto-
optical traps as an efficient starting point for work to-
wards molecular Bose-Einstein condensates and quan-
tum degenerate Fermi gases with exciting prospects for
applications including precision measurements, ultracold
chemistry and dipolar quantum many-body systems.
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